A hybrid swarm involving O. sativa, O. glaberrima and O. longistaminata occuring in Jebba, Nigeria was studied to investigate the processes involved in the population dynamics. Reproductive parameters such as pollen stainability, pollen size, anther structure, seed set were investigated. The chromosomes of the hybrid population were also studied. The study reveals post-zygotic mechanism involving segregational as well as developmental hybrid sterility to be the major isolating mechanism involved the reproductive isolation existing among the parent populations in the swarm. Hybridization and introgression have played significant roles in creating this hybrid swarm which holds a lot of promise for speciation in the genus.
INTRODUCTION
A hybrid swarm is a population characterized by a continuum of morphological forms arising from hybridization between two related species occurring in sympatry. Because a hybrid swarm is in a dynamic state of gene exchange with the parents, it usually consists of populations of various hybrid forms that are characterized by species with intermediate characters or forms that may appear to look like off-types of the original parent populations. They tend to possess great amount of genetic diversity that could actually serve as good genetic resource for plant breeding programs and high quality seeds.
The occurrences of rice hybrid swarms have been reported by many researchers (Majumder et al., 1997; Delouche et al., 2007; Bolaji et al., 2012) in different parts of the world. Oka and Chu (1970) discovered a rice hybrid swarm in China that seemed to demonstrate that reproductively-isolated species can hybridize over time when they occur in sympatry. Sano et al. (1984) noted that the two cultivated species of rice, O. sativa and O. glaberrima, usually occur in sympatry on farmers' fields in West Africa and as a result, their natural hybrids are occasionally encountered on these fields. Ghesquiere (1986) Over the years, researchers have observed that Oryza hybrids were usually faced by the problem of reproductive isolation such as hybrid sterility caused by F 1 sterility barriers or a complex of disharmonious gene interactions, phylogenetic remoteness such as hybrid non-viability and hybrid breakdown (Long et al., 2008; Kubo et al., 2011; Yang et al., 2012) . Reproductive isolation is the inability of two populations to interbreed because they are geographically isolated, or isolated from each other by differences in behavior, mating time or genital morphology (Eleanor, 2000) . According to Sano (1986) isolation promotes genetic differentiation and permits different populations to co-exist without losing their identity. Oka and Chu (1970) however suggested that a balance between isolation and hybridization among species could aid their evolutionary dynamics. A hybrid swarm involving O. sativa, O. glaberrima and O. longistaminata was discovered in Jebba, Nigeria (Bolaji et al., 2012) . In this swarm, O. longistaminata grows as weed around the cultivated rice, O. sativa. Although O. glaberrima used to be the local rice cultivated by farmers in this region, it is now encountered as small populations as was reported by Aladejana et al. (2007) for the Jebba population. Aladejana et al. (2007) also reported the occurrence of hybridization and introgression among the rice species in this swarm.
Although Aladejana et al. (2007) reported the meiotic and population dynamics of Oryza species in the Jebba hybrid swarm, no attempt has been made so far to investigate the processes and mechanisms involved in their population dynamics. The main objective of this work is to investigate the processes and mechanisms of the reproductive isolation involved in this rice hybrid swarm.
MATERIALS AND METHODS

Plant source
The different species of rice as well as their putative hybrids investigated in this study were collected from Jebba Nigeria ( Table 1 Pollen fertility and seed set (spikelet sterility) study
Pollen grains from freshly-dehisced anthers were harvested onto microscope slides. They were stained with Cotton-Bluein-Lactophenol and examined under the light microscope for stainability. Well-formed (round), intact and uniformly-stained pollen grains were considered fertile while those that were only partially stained or not stained at all and those with collapsed outline were scored as non-viable (Faluyi, 1985) . Pollen grain stainability and size as well as seed set were recorded for all the accessions studied. The seed set (spikelet sterility) was calculated based on the IBPGR-IRRI Rice Advisory Committee (1980) . Mean pollen grain size was based on measurements of the diameters of 100 pollen grains at ×400 in ocular units and converted to micrometer.
Anther anatomical studies
Transverse sections of mature anthers of some of the putative hybrids were made inorder to investigate their anatomical structure. They were fixed in freshly-prepared 1:3 acetic alcohol and made to go through the process of dehydration, infiltration, embedding, microtome sectioning and mounting following the Paraffin Method (Vijendra Das, 2005) .
Chromosome studies
Young flower buds of all the accessions and their backcrosses were harvested before maturity and fixed on the spot in 1:3 acetic-alcohols. Slides were prepared by squash technique and stained in FLP Orcein (2gm of Orcein in 100cm 3 of solution containing equal parts of Formic acid, Lactic acid, Propionic acid and distilled water (Olorode et al., 2011) . Pollen mother cells were examined and scored for associations. Cells with good chromosome spread were photographed under the oil immersion phase contrast objective of LEITZ DIALUX research microscope equipped with a camera unit. Meiotic behavior was studied in all the accessions and their backcrosses.
RESULTS
Pollen fertility and seed set study
It was observed during the stainability study that the anthers of the putative hybrids could not dehisce such that the pollens shed were very scanty. This was not the case with the pure strains. The pure strains had copious pollens that were shed quite readily.
The accessions of Oryza longistaminata studied were very fertile having 92%-99% pollen stainability and 84.80%-90.23% seed set. The pollen grain size ranged between 47.06 µm and 47.93 µm. All the TOS accessions studied were very fertile with 97%-100% pollen stainability, 90.00%-96.10% seed set and pollen sizes ranging between 44.94 µm and 50.56 µm.
Most of the putative hybrids were completely sterile having a seed set of 0%, pollen stainability that ranged between 1% and 12% and pollen size ranging between 33.36 µm and 46.87 µm. The backcrosses were generally highly sterile having a spikelet sterility of 0.00%-52.74%, pollen stainability of 6.35%-67.89% and pollen size of 35.59 µm-46.55 µm (Table 2) .
Anther anatomical study
The anther structure of the putative hybrids studied show a thick outer wall (epidermis) that is single-layered, uniseriate and cutinized. The epidermal cells are rectangular, varying in sizes, with cuticle forming an undulating layer around it. The endothecium consists of some oval-shaped and some irregularly shaped cells forming 2-3 layers with no particular arrangement.
The middle layer consists of several layers of tetragonal cells that are elongated, having no definite arrangement and extending to the walls of the tapetal cells. The tapetum is single-layered and uniseriate, forming a continuous layer of cells that completely surrounds the sporogenous tissue. In some of the mature anthers, the tapetal cells completely envelop the pollen grains, many of which were poorly formed with most being wrinkled, unfilled and also poorly stained. The cells of the tapetum were also poorly formed ( Figure 1A ).
Chromosome study
All the TOS Jebba and TOL accessions studied showed a modal chromosome association of 12II (Table 3) with regular metaphase and anaphase. The putative hybrids showed a modal chromosome association of 12II (Table 3 and Figure 1B) . Most of the putative hybrids showed paucity of pollen mother cells (PMC). Also chromosomal aberrations such as precocious movements at metaphase I, non-congression and laggards were observed ( Figure 1C ). Abbreviations: PUT2B1F2=Putative 2 backcross1 F2; PUT7B1F2=Putative7 backcross1 F2; PUT9B1F2= Putative 9 backcross1 F2. * Tabulated values are Mean ± Standard Error of 100 determinations **Seed set (Spikelet sterility) categorization (1) Highly fertile (>90%) (3) Fertile (75-90%) (5) Partly sterile (50-74%) (7) Highly sterile (trace -<50%) (9) Completely sterile (0%). 
DISCUSSION
The pollen fertility and seed set was very high in the pure strains, lower in the backcrosses, but much lower in the F 1 hybrids than in the backcrosses (Table 2) implying that the pure strains were fertile while the hybrids were sterile though the backcrosses were less sterile than the F 1 hybrids. This is an indication that though reproductive barriers existing among the parent populations can result in sterility among the hybrid populations, fertility can be gradually restored in the hybrids by backcrossing them to the parent populations. Similar observations were made by Sano (1986) who was able to demonstrate this fact by recovering nearly isogenic F 1 sterile lines from their parental crosses by backcrossing them to the parents.
The chromosomal abnormalities such as non-congression and laggards observed in the meiotic cells of the putative hybrids suggest segregational distortions, as a result of which there might have been some imbalance in the distribution of genes or chromosomes to the poles during meiosis. This is an indication of segregational hybrid sterility.
The paucity of pollen mother cells observed in the cells of the putative hybrids might have resulted from breakdown of meiosis before the formation of pollen mother cells was completed which indicates developmental hybrid sterility. The anatomical evidence for this is the poorlyformed tapetal cells observed in the TS of the anthers of some of the hybrids. Both form of hybrid sterility could have resulted in pollen sterility indicated by the low percentage stainability and seed set of the hybrid population studied. Bhojwani and Bhatnagar (2009) also noted that aberrant meiosis can result in pollen sterility in angiosperms.
The smaller pollen grain sizes of the putative hybrids could also be due to poor formation of the tapetal cells which are responsible for nourishing the sporogeneous tissues during pollen formation. Bhojwani and Bhatnagar (2009) and Pandey (2007) noted that male sterility in angiosperm could arise from aberrant meiosis, aberrant gametophytic development or sporophytic factor.
The failure of the anther to dehisce to release the few normal pollen grains could have also affected the seed set resulting in low seed set percentage. Environmental factors such as photoperiodicity might also have affected the viability of the pollens and the anther dehiscence. These agree with the reports of Bhojwani and Bhatnagar (2009), Matsui et al. (1997a) and Matsui et al. (1997b) .
Conclusion
This study reveals that the reproductive isolating mechanism involved in the hybrid swarm studied is post-zygotic, involving both segregational and developmental hybrid sterility but the situation is gradually being ameliorated in the backcrosses through the process of introgression, paving way for gradual restoration of fertility of the hybrid population in the swarm.
